We have studied the formation of polyatomic clusters during sputtering of metal surfaces by keV ion bombardment. Both positively charged (secondary cluster ions) and neutral clusters have been detected in a time-of-¯ight mass spectrometer under otherwise identical experimental conditions, the sputtered neutrals being post-ionized by single photon absorption using a pulsed 157 nm VUV laser beam. Due to the high achievable laser intensity, the photoionization of all clusters could be saturated, thus enabling a quantitative determination of the respective partial sputtering yields. We ®nd that the relative yield distributions of sputtered clusters are strongly correlated with the total sputtering yield in a way that higher yields lead to higher abundances of large clusters. By using heavy projectile ions (Xe ) in connection with bombarding energies up to 15 keV, we have been able to detect sputtered neutral silver clusters containing up to about 60 atoms. For cluster sizes above 40 atoms, doubly charged species are shown to be produced in the photoionization process with non-negligible eciency. From a direct comparison of secondary neutral and ion yields, the ionization probability of sputtered clusters is determined as a function of the cluster size. It is demonstrated that even the largest silver clusters are still predominantly sputtered as neutrals. Ó
Introduction
It is well known that the¯ux of particles released from a solid surface under energetic ion bombardment (sputtering) contains agglomerates of several or many atoms as well as single atomic species. The formation of these ± in many cases only weakly bound ± clusters in the course of the relatively violent collision processes leading to the ejection of sputtered particles represents an interesting fundamental question in sputtering physics. Since their detection about four decades ago [1] , sputtered clusters have therefore drawn much attention, fairly recent reviews of the pertinent work can be found in [2, 3] . While it is relatively straightforward to detect charged clusters leaving the surface (secondary ions), it is clear that the ionization probability, i.e., the fraction of sputtered clusters of a given size which leave the surface in a charged state, may depend in a nonpredictable way on the cluster size as well as on the chemical state of the bombarded surface. Hence, in order to gain insight into cluster formation mechanisms during sputtering, it is mandatory to Nuclear Instruments and Methods in Physics Research B 164±165 (2000) 677±686 www.elsevier.nl/locate/nimb detect the sputtered neutral clusters as well. Due to the apparent diculty to eciently ionize a cluster without fragmentation, corresponding experimental data were for a long time limited to very small clusters containing less than ®ve atoms. The detection of larger aggregates became possible by the use of pulsed UV [4±7] or VUV [8] lasers to postionize the neutral clusters subsequent to the sputtering event and thus render them accessible to mass analysis and detection. In these experiments, it is of great importance that photoionization is achieved by absorption of a single photon, since this technique combines a non-resonant, i.e., nonstate selective ionization scheme (which is needed due to the generally large internal excitation of sputtered clusters [9] ) with a high ionization eciency and relatively low fragmentation rates. For the speci®c case of sputtered silver clusters, a¯u-orine laser operated at a wavelength of 157 nm provides an ideal post-ionization tool, since the photon energy of 7.9 eV is larger than the ionization potential of silver atoms and all homonuclear silver clusters [10] . Using the technique described above, it has in the past been possible to detect neutral Cu n [4, 6] , Al n [6] , In n [7] and Ag n [8] clusters up to sizes of n 20, 12, 30 and 19, respectively, which have been sputtered from the respective clean surfaces under bombardment with rare gas ions of energies up to 5 keV. In all these experiments, relative cluster yields ± i.e., the cluster yields normalized to that of sputtered monomers ± have been found to obey a power law dependence on the cluster size according to
The exponent d was found to correlate with the total sputtering yield in such a way that higher sputtering yields lead to lower values of d and, hence, to higher contributions of larger clusters to the¯ux of sputtered particles. The present work manifests an attempt to extend the range of observable cluster sizes even further by increasing the sputtering yield beyond the values reached in the above-mentioned experiments. In order to achieve this goal, heavy projectiles were used at a higher kinetic energy than employed before. As in much of our previous work, silver was selected as a target material, since this material has been shown to exhibit fairly high-cluster sputtering yields.
Experimental
The experimental setup employed in the present work has been described in great detail elsewhere [5, 8, 11] . In short, a polycrystalline silver foil was bombarded under ultrahigh vacuum (UHV) conditions (base pressure <10 À9 mbar) with rare gas ions impinging under 45°with respect to the surface normal. Prior to each experiment, the surface was sputter cleaned by bombardment with the rastered ion beam operated in cw mode. During data acquisition, the beam was operated in a pulsed mode with a pulse length of about 10 ls (see below).
Neutral particles which are sputtered from the surface are ionized by a pulsed laser beam guided closely above and parallel to the sample surface. During the primary ion pulse, the sample was usually kept at a negative potential in order to prevent positively charged ionic species from leaving the surface and, hence, to minimize the secondary ion background. The photoions created during the laser pulse are extracted toward a reectron-type time-of-¯ight mass spectrometer (ToF-MS) operated at a mass resolution of about maDm 1000 (at m 108) by an electric ®eld which is switched on shortly ($20 ns) after the laser pulse. By monitoring the measured signals as a function of the primary ion pulse length s, it was veri®ed that s was suciently long to ensure that the ionization volume was ®lled with sputtered particles of all relevant emission velocities (i.e., no signal dierence was found between pulsed and dc ion bombardment). The ionizing laser employed in the present experiments is a conventional excimer laser (Lambda Physik model LPX 120i) operated with an F 2 /He gas ®ll. Under optimized conditions, this laser produces pulses of up to 6 mJ energy and about 20 ns duration at a wavelength of 157 nm. In connection with a beam cross-section of about 1 mm 2 , this corresponds to peak power densities of about 10 7 W/cm 2 in the ionizing region above the sample surface. The laser beam was transported into the UHV chamber housing the experiment by means of a¯ow box¯ushed with nitrogen, which also contained the optical elements used to focus and steer the beam into the ionization region. In order to study the dependence of the photoion signals on the intensity of the ionizing laser, the laser pulse energy could be reduced in a controlled fashion by a stack of two variable dielectric attenuators which were tilted in opposite directions to compensate for the beam walko with increasing tilting angle. The laser intensity was monitored by a home made photoelectric detector mounted directly in the UHV chamber. The measured pulse energies were converted to peak power densities by assuming a rectangularly shaped spatial and temporal laser pro®le. Mass spectra of secondary ions were acquired by simply switching the ionizing laser o and keeping the sample at ground potential during the primary ion pulse. In contrast to the conventional ToF-SIMS data acquisition procedure, the duration of the primary ion pulse was not shortened but kept at the same long value as used during the post-ionization experiment. Nonetheless, due to the pulsed nature of the ion extraction ®eld (in connection with the time refocusing properties of the re¯ectron ToF spectrometer), positive secondary ions which are present within the ionization volume at the time the extraction ®eld is switched on are detected with identical time (or mass) resolution as those of post-ionized neutrals (see [12] for details). It is of note that this detection mode permits the acquisition of neutral and ionic secondary particles under otherwise identical experimental conditions, thus enabling a quantitative comparison of the respective yields. Fig. 1 shows a typical mass spectrum of neutral silver atoms and clusters which are sputtered from a clean polycrystalline silver foil. While small clusters have been detected in an analogue mode by directly digitizing the output of the MCP detector (lower track), larger clusters were detected in a single ion counting mode leading to an increase of detection sensitivity by approximately a factor of 100 (upper track). The spectrum was recorded under bombardment with 15 keV Xe ions using 157 nm VUV radiation with a laser power density around 10 6 W/cm 2 for post-ionization. It is evident that Ag n clusters consisting of up to n 60 atoms can be identi®ed in the sputtered¯ux. In addition to the peak groups representing singly ionized clusters, a number of small intermediate peaks are seen which correspond to doubly clusters with odd values of n (the corresponding signals for even numbers of n are hidden behind those of singly charged clusters of half the size). Assuming equal detection eciency for singly and doubly charged cluster ions, one can use these signals to estimate the role of multiply charged ions which are created in the photoionization process. One should, however, be aware that the detection eciency for doubly charged ions is presumably higher due to their higher kinetic energy when hitting the photoion detector, thus leading to an overestimation of the multiple ionization eciency.
Results and discussion

Neutral clusters
For a quantitative interpretation of the measured signals, it is important to study their dependence on the intensity of the ionizing laser. Fig. 2 shows the integrated ToF signals of a number of arbitrarily selected clusters as a function of the laser power density P L . The observed behavior is typical for all investigated clusters: In the regime of low P L , the measured signals of (singly charged clusters) increase linearly with increasing laser intensity, a behavior which is expected for a single photon absorption process. As demonstrated in Fig. 3 , the signals of doubly ionized clusters, on the other hand, increase more strongly with increasing P L than those of singly charged ions in this regime. Again, this is expected since multiple ionization generally requires the absorption of more than one photon. At power density values of several 10 6 W/cm 2 , the signals level o due to saturation of the photoionization process, and at higher P L a slight signal decrease is observed which is due to multiphoton absorption induced fragmentation. Since the magnitude of the fragmentation loss is apparently small and, on the other hand, decreases with decreasing P L , we assume that in the region around the signal maxima this in¯uence can be neglected. For P L values up to this region, we therefore ®t the measured signals to the theoretically expected saturation behavior of a one-photon absorption process [13] . 
(Dt: eective laser pulse duration, hm: photon energy) by treating the photoabsorption cross-section r and the saturated signals S sat as ®tting parameters. The corresponding ®tting curves are included in Fig. 2 as solid lines. The cluster size dependence of the resulting cross-sections is depicted in Fig. 4 . The error bars included in the ®gure represent the reproducibility of the experiment. Note that, in addition to this statistical error, the absolute scaling of the displayed values may include a systematic error of up to a factor of 2 which is due to the uncertainty of the laser power density scaling. It is seen that for small clusters r increases with increasing n, until at n % 10 a value around 10 À16 cm 2 is reached, which for larger clusters becomes essentially independent of the cluster size. This latter ®nding, which has been observed also for other sputtered metal clusters [14] , is surprising, since particularly for larger clusters one would from simple geometrical considerations expect an increase with increasing cluster size.
The saturated signals S sat can be used to quantitatively estimate the contribution of clusters to the total¯ux of sputtered neutral particles. In this respect, it is important to note that the laser post-ionization experiment detects the number density of the sputtered neutrals within the ionization volume ± i.e., the volume above the surface which is illuminated by the laser and accepted by the mass spectrometer ± rather than their¯ux. This is particularly important if the velocity distribution of sputtered neutral clusters depends on the cluster size. In this case, a correction with respect to the average inverse emission velocity áv À1 ñ of the clusters must be applied to the recorded signals in order to convert from measured density to sputtered¯ux. Previous measurements of the velocity distribution of sputtered neutral silver clusters have revealed that áv À1 ñ roughly scales with n 0X8 [8] . Fig. 5 shows the relative yields, i.e., the saturated signals divided by n 0X8 and normalized to the value of monomers (n 1), of neutral clusters as a function of the cluster size.
Again, the yields resulting from the summation of singly and doubly ionized clusters have been included in Fig. 5 in order to demonstrate the magnitude of multiple ionization eects (note that this correction can only be performed for odd values of n). The results indicate that the in¯uence of multiple ionization may be far from being negligible; in particular for large clusters the saturated signals of doubly charged cluster ions become comparable or even exceed those of singly charged ions. This is particularly true at the largest clusters detected here, where we observe a pronounced deviation from the power law dependence for the case where multiple photoionization is disregarded. Interestingly, this eect seems to be absent if doubly ionized clusters are included in the evaluation, thus indicating that the observed decay is mainly due to a transition with respect to the prevailing photoionization mechanism: while smaller clusters predominantly ionize into the singly charged state, clusters containing more than about 40 atoms preferably form a doubly charged ion upon photoionization at high laser intensities.
For very large clusters, this may even be possible by absorption of only one single photon, since the photon energy of our laser (7.9 eV) is almost as large as two times the work function of solid silver (the in®nite size limit of the cluster ionization potential). This is particularly important if one keeps in mind that sputtered clusters may contain a fair amount of internal energy (about 1 eV/atom for the case of sputtered silver clusters [15] ), which may at least in part serve to signi®cantly lower eective ionization potentials.
Secondary cluster ions
In order to arrive at quantitative conclusions regarding the formation of sputtered clusters, it is important to investigate the probability that a sputtered cluster leaves the surface in a charged state, i.e., as a secondary ion. As mentioned in Section 2, our experimental setup allows the detection of secondary ions under the same instrumental conditions as those prevailing for the detection of the corresponding sputtered neutral species. In order to illustrate this, Fig. 6 depicts ToF mass spectra obtained for singly charged positive secondary ions and post-ionized neutrals sputtered from a silver surface. It should be explicitly stated again that the secondary ion spectrum was obtained under exactly the same experimental conditions ± for instance with respect to the temporal duration of the primary ion pulses ± as that of the sputtered neutral species. In particular, it is important to note that the secondary ion signal recorded this way re¯ects the number density of secondary ions within the sensitive volume of the ToF mass spectrometer (which is located at the same position above the surface where post-ionization of neutrals takes place). It is this unique feature which enables a truly quantitative comparison of secondary ion and neutral signals that, under conditions where the post-ionization process is saturated, allows a direct determination of ionization probabilities of sputtered particles without introducing any correction regarding instrument transmission, detected solid angle, postionization eciency, etc. The results are shown in Fig. 7 . In order to evaluate the reproducibility of the experiment, three partly overlapping data sets obtained in dierent experiments are presented. The data demonstrate that the ionization probability of silver clusters sputtered from a clean silver surface increases strongly with increasing cluster size, but saturates for larger clusters and, in particular, always remains at or below a value of about 10%. Since under the prevailing conditions the yields of negative as well as all multiply charged secondary ions are always lower than those of singly charged positive ions [11] , we conclude that the data presented in Fig. 7 closely represents the total ion fraction of the sputtered clusters, which for the particular case of silver clusters is apparently small. The neutral yield data depicted in Fig. 5 can therefore be taken as the partial sputtering yields of the clusters regardless of their charge state. It should be mentioned here that this is not always the case; similar data taken at sputter cleaned Ta and Nb surfaces reveal that a large fraction or even the majority of clusters sputtered from these surfaces may be ejected as secondary ions [16] .
Partial cluster yields
From the data presented in Fig. 5 , it is immediately evident that the yield distribution of sputtered clusters can be described by a power law dependence according to Eq. (1). This ®nding is in agreement with previous experiments on silver [8, 11] as well as on other metal [6, 7, 14, 17] and semiconductor [18] surfaces. The value of the exponent d observed here (3.7), however, is signi®-cantly lower than those observed in our previous work [8, 14] . As suggested from theoretical considerations [19] and supported experimentally [6, 8, 14, 17] , this ®nding is presumably connected with the total sputtering yield Y tot of the silver surface. In order to demonstrate the correlation between d and Y tot , Fig. 8 shows an accumulation of all power law exponents characterizing the yield distribution of sputtered silver clusters which have been measured in our group over the years. It should be emphasized that these data revert to the same silver clusters sputtered from the same surface under a number of dierent rare gas ion bombardment conditions. Since we have not attempted to determine the actual values of the total sputtering yield, the data are plotted versus yield values which have been taken from the literature [20] . 1 It is clearly seen that the new data nicely extrapolate the general correlation which had been found earlier. Also, it is obvious that the relation between d and Y tot is not linear (as had been suggested, for instance, in [6] ), but becomes weaker with increasing sputtering yield. We would like to point out that data sets like that displayed in Fig. 8 are probably best suited to examine possible correlations between cluster yields and other quantities characterizing the sputtering process, since in this case dierences between important properties like cluster stabilities, surface binding energies, etc. (which must be somehow taken into account if data obtained on dierent target materials are compared) do not play any role. [20] ).
An interesting ®nal question concerns the eciency of the particle detector employed in the present experiments and its possible in¯uence on the measured cluster yield distributions. The (secondary or photo-) cluster ions produced in the vicinity of the bombarded surface are detected by means of a Chevron stack of two microchannel plates (MCP) which are operated either in a direct charge digitization or in a pulse counting mode. In both modes, the possibility exists that larger clusters may be discriminated against smaller ones due to their lower velocity when hitting the detector surface with a ®xed kinetic energy [21] . In order to examine the in¯uence of such an eect and its possible magnitude, we have conducted a set of experiments in which the ions were post-accelerated to higher kinetic energies before impinging onto the MCP surface. More speci®cally, bȳ oating the whole MCP detector on a negative potential, the kinetic ion energy was varied from 3.5 to 5.5 keV. Fig. 9 shows the resulting enhancement factor, i.e., the ratio between the signals of post-ionized neutral clusters measured with and without post-acceleration, as a function of the cluster size. It is seen that larger clusters exhibit a stronger enhancement than smaller ones, a ®nding which is expected according to the velocity argument given above. Interestingly, the eect seems to saturate at a cluster size of about 30 atoms, the apparent scatter of the data, however, is unfortunately too large to arrive at a ®xed conclusion regarding this point. If we assume the linear behavior observed in the lower size range of Fig. 9 to extrapolate to larger sizes as well, and use this extrapolated enhancement factor to correct the yield distribution measured without post-acceleration, we arrive at the data depicted in Fig. 10 . It is seen that the power law exponent describing the cluster yield distribution is reduced from d 3.7 to d 3.3 upon post-acceleration by 2 keV. In principle, it would be highly desirable to see if this reduction can be saturated at some level of the post-acceleration energy. Unfortunately, our present experimental setup does not allow higher post-acceleration ®elds, and it is therefore not possible to arrive at a quantitative estimate of the maximum role played by this eect. As a consequence, we must conclude again 2 that the relative yield values determined in our experiments actually represent lower limits to the true cluster yields.
Conclusion
We have determined the yield distributions of neutral and ionic clusters sputtered from a polycrystalline silver surface under UHV conditions. By establishing bombarding conditions leading to a relatively high total sputtering yield, sputtered neutral silver clusters could be detected containing up to 60 atoms. To the best of our knowledge, these comprise the largest neutral clusters detected in a metal sputtering experiment to date. From the measured data, it is possible to extract the total fraction of sputtered atoms which are ejected as part of a cluster, i.e., in a bound state. This quantity, which has been a long standing question in sputtering physics, can be evaluated in a straightforward manner from relative yield distributions such as that displayed in Fig. 5 . The results, again plotted against literature data of the total sputtering yield, are shown in Fig. 11 , which includes new data measured recently as well as previously published data taken from [8] . It is seen that the new points obtained at high sputter yields nicely extrapolate the trend observed before. Moreover, the data determined here demonstrate for the ®rst time that the bound fraction may increase above a value of 50%, which means that the majority of sputtered particles are emitted in form of clusters. It would be interesting to see if the cluster contribution may be increased further by changing to sputtering conditions which result in even higher sputtering yields. Such conditions may, for instance, be realizable by changing from monatomic to polyatomic primary ions [22] . Corresponding experiments investigating the selfsputtering of silver by energetic silver cluster ions are currently under way in our laboratory. Fig. 11 . Total fraction of silver atoms sputtered in a bound state vs. tabulated data of the total sputtering yield (taken from [20] ). The dierent points correspond to bombardment with dierent primary ions of varying kinetic energies.
